The energy needed for plant growth and development is produced by photosynthesis in leaves, capturing and converting light into chemical energy, which is stored in sugars and transported to all other plant organs to meet their energy demands.
Arabidopsis (Arabidopsis thaliana) leaves arise from the shoot apical meristem as leaf primordia, which initially grow exclusively by cell proliferation. Subsequently, cell proliferation ceases at the tip of the leaf and, gradually, the cells start to expand in a tip-to-base direction (Donnelly et al., 1999; Andriankaja et al., 2012) . After a few days, this cell cycle arrest front abruptly disappears at the base of the leaf, and further leaf growth is driven by cell expansion (Kazama et al., 2010; Andriankaja et al., 2012) and the asymmetric division of meristemoids (i.e. precursors of stomata in the epidermis; Geisler et al., 2000; Kazama et al., 2010; Gonzalez et al., 2012) .
Leaves that actively perform photosynthesis, so-called source leaves, produce their own energy and carbon sources for growth and development. In contrast, plant tissues that are unable to photosynthesize, such as roots, flowers, and young growing leaves, depend on these source leaves for carbon supply to grow (Turgeon, 1989) . The primary end products of photosynthesis are triose phosphates, which are rearranged into glucose-6-phosphate (G6P) and used for the formation of starch as storage molecules or transported into the cytosol to form Suc. In the source leaves, Suc can be metabolized to its hexose products (i.e. Glc and Fru), it can be stored in the vacuole, or it can be transported through the phloem to the sink tissues (Lemoine et al., 2013) . Suc is either imported directly in the sink cells via active Suc transporters located at the plasma membrane (Kühn and Grof, 2010) or via plasmodesmata or it is first cleaved to its hexose products by cell wall invertases in the apoplast (Sturm, 1999; Ruan et al., 2010) . In the sink cells, hexoses are imported in the plastids for starch biosynthesis or for the oxidative pentose phosphate pathway. The main Glc transporters in photosynthetically inactive sink cells are the plastid-located G6P transporters (i.e. GPT1 and GPT2), which import G6P in exchange for phosphates (Kammerer et al., 1998) . GPT1 is expressed throughout plant development (Niewiadomski et al., 2005) . However, GPT2 expression is limited to certain tissues, such as senescing leaves, and is induced under different conditions, such as during relief of seed dormancy (Finch-Savage et al., 2007) , during acclimatization to high light (Dyson et al., 2015) , during Glc-induced senescence (Pourtau et al., 2006) , in starch-free mutants (Kunz et al., 2010; Heinrichs et al., 2012) , and when sugar levels increase (Price et al., 2004; Gonzali et al., 2006; Müller et al., 2007; Osuna et al., 2007) .
Chloroplasts are the central organelles performing photosynthesis and producing sugars. Photosynthetically active chloroplasts are derived from proplastids present in the meristematic cells (Sakamoto et al., 2009; Charuvi et al., 2012) . Functional chloroplasts contain about 3,000 different proteins mainly involved in photosynthesis, transcription, and translation, of which most are encoded by the nuclear genome. However, plastids also have their own DNA, the so-called plastome, consisting of 133 genes in Arabidopsis, of which 87 encode proteins with different functions, such as photosynthetic and ribosomal proteins (Sato et al., 1999; Wicke et al., 2011) . Genes of the plastome are transcribed by two different RNA polymerases: a nucleus-encoded polymerase and a plastid-encoded polymerase (PEP; Shiina et al., 2005; Liere et al., 2011) . PEP consists of the plastome-encoded core subunits rpoA, rpoB, rpoC1, and rpoC2 and one of the six nucleus-encoded s factors that define promoter specificity (Lerbs-Mache, 2011) . Besides this core PEP complex, some noncore subunits have been identified to exhibit additional transcriptional functions, the so-called polymerase-associated proteins (Steiner et al., 2011) . During leaf development, both the nucleus-encoded polymerase and PEP actively transcribe their specific target genes (Zoschke et al., 2007) , of which most are organized in operons and transcribed into polycistronic mRNA from a single promoter, such as their bacterial ancestors (Wicke et al., 2011) .
Obviously, the nucleus and chloroplasts have to exchange information to regulate photosynthesis as a function of environmental conditions. To date, different signals have been described to be involved in this chloroplast-to-nucleus, or retrograde, signaling (for review, see Kleine and Leister, 2013) . The best-known retrograde signals are the intermediates of tetrapyrrole synthesis (i.e. the precursors of chlorophyll), which have been identified through the analysis of genomes uncoupled mutants, in which nuclear photosynthesisrelated gene expression is maintained when chloroplast differentiation is perturbed by norflurazon (NF) treatment (Susek et al., 1993; Terry and Smith, 2013) . Furthermore, reactive oxygen species, the redox state of the plastoquinone pool of the chloroplasts and of redox components such as glutathione and ascorbate (Oelze et al., 2012; Pfalz et al., 2012; Shapiguzov et al., 2012) , as well as different hormone signals and the plastid gene expression itself (Tiller and Bock, 2014) have been reported to exert signals from chloroplasts to regulate nuclear gene expression. Additionally, sugars can act as signals in retrograde and other signaling pathways, integrating environmental and developmental changes during plant growth (Häusler et al., 2014; Smeekens and Hellmann, 2014) . For example, sugars can modulate nuclear gene expression, especially the repression of nucleus-encoded photosynthesis genes, such as CHLOROPHYLL A/B BINDING PROTEIN and the small subunit of Rubisco, to control the feedback regulation of photosynthesis (Krapp et al., 1993) . However, our knowledge of sugar-regulated transcripts comes from studies using a wide variety of plant organs and tissues, developmental stages, and treatments with different sugars and growth conditions. Furthermore, in most studies, sugars are applied to cell suspension cultures, detached leaves, or liquid cultures (Price et al., 2004; Li et al., 2006; Müller et al., 2007; Osuna et al., 2007; Usadel et al., 2008; Kunz et al., 2014) , highlighting the need for more targeted experimental designs to study the effect of Suc on organ growth such as leaves. In addition, most sugar-feeding experiments make use of high, nonphysiological Glc or Suc concentrations (Price et al., 2004; Gonzali et al., 2006; Li et al., 2006; Müller et al., 2007; Heinrichs et al., 2012) .
During leaf development, it has been observed that the transition from cell proliferation to cell expansion occurs simultaneously with the onset of photosynthesis (Andriankaja et al., 2012) . Furthermore, an upregulation of transcripts encoding proteins involved in tetrapyrrole synthesis has been observed in leaves just before the start of the transition to cell expansion. These findings suggest a role for differentiation of the photosynthetic machinery and associated retrograde signaling in the transition to cell expansion. In contrast, in a recent study using the crumpled leaf mutant deficient in chloroplast development, it has been demonstrated that impaired chloroplast differentiation affects cell proliferation and induces an early onset of cell differentiation (Hudik et al., 2014) . Young proliferating leaves first depend on the supply of sugars, produced by photosynthetically active source leaves, to grow. The reduced photosynthetic activity of source leaves or reduced sugar availability triggers young, proliferating leaves to produce their own sugars and energy for further growth (Li et al., 2006) . To do so, chloroplasts need to differentiate to start photosynthesis, producing sugars and other retrograde signals, which could trigger the transition to cell expansion. Hence, it is obvious that a cross talk exists between sugars, chloroplasts, and leaf growth, but which process (i.e. cell proliferation or expansion) is affected by sugars and how sugars are sensed during leaf growth still need to be investigated in detail.
Here, we exogenously supplied Suc during the growth of Arabidopsis seedlings and found that Suc increases final leaf size by promoting cell proliferation and postponing the transition to cell expansion. Furthermore, transcriptome and microscopic analyses of the growing leaves revealed a central role for chloroplast differentiation and GPT2 during the Suc-induced promotion of leaf growth. The transfer of seedlings to Suc resulted in reduced plastome transcription and smaller chloroplasts per mesophyll cell, which were irregular in shape and less differentiated compared with control seedlings. Also, in gpt2 mutant seedlings, cell proliferation was not stimulated and chloroplast transcription was not repressed upon transfer to Suc.
RESULTS

Development of an Experimental Setup to Analyze the Influence of Exogenously Supplied Suc on Final Leaf Size
To investigate in detail how sugars regulate early leaf growth, we designed an experimental assay in which the sugar status is changed at a specific developmental stage during the growth of Arabidopsis seedlings and in which the impact of this change on leaf growth can easily be monitored.
We first tested the effect of three different Suc and Glc concentrations (6, 15, and 30 mM) and found none of the Glc concentrations to reproducibly increase the third leaf size at 21 d after stratification (DAS; Supplemental  Fig. S1 ). On the other hand, when plants were germinated and grown under a 16-h-day/8-h-night cycle on Suc-containing medium, a clear effect could be measured at 21 DAS on both rosette and individual leaf areas (Fig. 1, A and B ). The three concentrations tested (i.e. 6, 15, and 30 mM) resulted in significant average increases in rosette area (40%, 56%, and 44%, respectively; P , 0.05) compared with plants grown on medium without Suc (Fig. 1A) . The measurements of individual leaf area showed that all leaves (with the exception of the cotyledons and the two first leaves) of the plants grown on Suc-containing medium were larger (P , 0.05) compared with control plants (Fig. 1B) . Because a concentration of 15 mM Suc resulted in the largest significant increase in size both of the whole rosette and of the third true leaf (P , 0.0001), it was retained for further characterization at the cellular level.
We also tested two different light intensities to optimize the effect of the supplemented Suc on the final leaf size, because different light intensities may change the photosynthetic capacity and, consequently, the endogenous sugar production in the leaf. At a light intensity of 65 6 5 mmol m 22 s
21
, germination on medium containing 15 mM Suc resulted at 21 DAS in an average increase in the third leaf size of 16% as compared with control plants germinated on medium without Suc (Fig. 1C) . However, when plants were grown at a lower light intensity (50 6 5 mmol m 22 s
), 15 mM Suc resulted in an average 28% increase of the third leaf size (Fig. 1C) . Additionally, to study the short-term effects of Suc during early leaf growth, seedlings were first grown on a mesh (see "Materials and Methods") covering a sugar-free medium and subsequently transferred to medium supplemented with 15 mM Suc. Transfer was done at 9 DAS, the time point at which the third leaf is fully proliferating (Andriankaja et al., 2012) , demonstrating a similar average increase of the third leaf area at 21 DAS of 18% and 29% at the two light intensities (65 6 5 and 50 6 5 mmol m 22 s
, respectively) compared with the control plants transferred to medium without Suc (Fig. 1C) . Statistical analysis revealed a significant average increase in the third leaf area upon Suc supplementation independent of the use of meshes or different light intensities (P , 0.05).
In conclusion, we developed an experimental assay in which the transfer of plants grown at a light intensity of 50 6 5 mmol m 22 s 21 at 9 DAS to a growth medium To identify the cellular process involved in the Sucinduced enlarged leaf size, the pavement cell number, cell size, and stomatal index were measured at 21 DAS, 12 d after the transfer of seedlings to medium with or without 15 mM Suc (at 50 6 5 mmol m 22 s
). Transfer of plants to Suc resulted in a significant average increase of the third leaf area of 47% (P , 0.05; Fig. 2A ) due to a significantly higher total pavement cell number (37%; P , 0.05), whereas the cell size remained unchanged (P = 0.11; Fig. 2B ). Also, the stomatal index (i.e. the fraction of guard cells in the total population of epidermal cells) was slightly but significantly increased compared with the control (7%; P , 0.05; Fig. 2B ). Thus, Suc increases the final third leaf size mainly by promoting cell proliferation.
To analyze the effect of Suc on cell proliferation in more detail, a time-course experiment was performed by harvesting the third leaf daily after transfer, from 10 DAS until 21 DAS, and measuring its leaf area. At 12 DAS (3 d after transfer), the third leaf size of Suctransferred plants was significantly larger than that of control plants, with an average increase of 39% ( Fig. 2C ; P , 0.05). Additionally, the relative leaf growth rate of Suc-grown plants was slightly, but not significantly, higher, whereas later during development, the growth rates remained unchanged compared with control plants (Supplemental Fig. S2 ). Because Suc significantly increased the third leaf area within 3 d after transfer, cellular measurements were performed on early time points during leaf growth (10-16 DAS; Fig. 2, D-F) . The total pavement cell number was increased significantly by 35% (P = 0.02; Fig. 2E ) already 24 h (10 DAS) after transfer ( Fig. 2D ), whereas the cell area did not change (P = 0.32; Fig. 2F ). The total pavement cell number remained higher until 16 DAS (Fig. 2D) . No consistent changes in the average cell size were found between control and Suc-transferred plants at early time points during leaf growth (10-16 DAS; Fig. 2F ).
To further analyze the effect of the transfer to Suc on cell proliferation and the transition to cell expansion, the pCYCB1;1::CYCB1;1-D-box:GUS (Eloy et al., 2012) reporter line, which allows visualizing actively dividing cells, was used. After 9 d of growth without Suc, pCYCB1;1::CYCB1;1-D-box:GUS seedlings were transferred to control and Suc-supplemented medium and grown for an additional 4 d until 13 DAS. Subsequently, the third leaf was harvested and stained with 5-bromo-4-chloro-3-indolyl-b-glucuronide (X-Gluc). The GUS intensity was measured in a defined region from the base to the tip of each leaf, as indicated in Figure 2G . At 13 DAS, control leaves showed a cell cycle arrest front positioned closer to the leaf base (Fig. 2H, dotted line) compared with Suc-transferred leaves. Hence, a large number of third leaf cells of plants grown for 4 d on Suc were still proliferating, whereas cell expansion was initiated in most cells of the control leaves at 13 DAS.
Taken together, the above results indicate that the addition of Suc to the medium promotes early leaf growth by stimulating cell proliferation. Although the positive effect of Suc on leaf size was only clear after 3 d of growth on Suc, a significant underlying effect on the cell number was observed already after 24 h.
Short-Term Effects of Suc on the Transcriptome
To gain more insight into the molecular mechanisms driving leaf growth upon exogenous Suc application, short-term transcriptional responses were analyzed using RNA sequencing (RNA-seq). Because Suc solely affects cell proliferation, we microdissected the third leaf very early during development (at an average size of 0.04 mm 2 ) and extracted RNA to be used for RNAseq. Nine-day-old plants were transferred to medium with or without Suc for 3 and 24 h. Only 19 and 69 genes were found to be differentially expressed 3 and 24 h after transfer, respectively (log 2 fold change [Log 2 FC] . 0.58 and false discovery rate [FDR] , 0.05; Fig. 3A ; Supplemental Table S1) .
At 3 h, only three of the 19 differentially expressed genes were found to be induced: AT3G49110 and AT5G58390, encoding peroxidase proteins, and GPT2, which was the highest up-regulated gene, with a Log 2 FC of 2.04. Six of the 16 repressed genes at 3 h (DIN6, SEN1, AT2G05540, DRM2, BT2, and AT3G15630) remained repressed 24 h after transfer (Fig. 3A) . Two of these genes, SEN1 and DIN6, belong to the so-called darkinduced class of genes (Fujiki et al., 2000) , both well known as sugar starvation markers, and showed highly reduced transcript levels at 3 h with Log 2 FC of 22.34 and 23.49, respectively (Fig. 3A) . The remaining four genes, which were repressed at both 3 and 24 h, encode a protein with telomerase activity (BT2), a Gly-rich protein (AT2G05540), a dormancy/auxin-associated protein (DRM2), and a protein with unknown function (AT3G15630). The other 10 genes, which were downregulated at 3 h but regained normal expression levels at 24 h, encode three hydrolase superfamily proteins (AT2G32150, AT2G39400, and AT1G04280), an unknown protein (AT1G68440), an aluminum-induced protein (AT3G15450), an oxidative stress protein (OXS3 [AT5G56550]), another Gly-rich protein (AT2G05380) as well as another dormancy-associated protein (DRM1), a chloroplast-targeted DnaJ protein J8 (AT1G80920), and PV42a (AT1G15330). PV42a was the second highest repressed gene at 3 h and encodes a protein belonging to the class of g-subunits of the plant-specific SUCROSE NONFERMENTING1 (SNF1)-RELATED PROTEIN KINASE1 (SnRK1) complexes, which are central metabolic sensors activated when environmental stress conditions deplete carbon and energy supply and which are known to link the sugar status with organ growth ( . Cellular changes upon transfer to Suc. Seedlings were first grown on medium without Suc (sucr) and, at 9 DAS, transferred to medium supplemented with or without 15 mM Suc. A, Third leaf area at 21 DAS. B, Ratio of the pavement cell number, cell area, and stomatal index of the third leaf of plants transferred to 15 mM Suc relative to the control (0 mM Suc) at 21 DAS. C, Leaf area from 10 to 21 DAS. The inset shows a closeup of 10 to 14 DAS. D, Cell number from 10 to 16 DAS. E, Ratio of the pavement cell area and number of the third leaf of seedlings 24 h after transfer to 15 mM Suc relative to the control (0 mM Suc). F, Cell area from 10 to 16 DAS. G and H, GUS-stained third leaves at 13 DAS of pCYCB1;1::CYCB1;1-D-box:GUS seedlings transferred to control or Suc-containing medium (G) and the GUS intensity plot of these leaves (H). GUS staining was in a defined region from the base to the tip of each leaf, as indicated by the black rectangles in G. The dotted lines indicate the cell cycle arrest front. Above this front is the division zone and below the expansion zone. The red arrow in H indicates the position of the average cell cycle arrest front of control leaves. Values in A to C are means of three biological repeats with their SE. Leaf area was measured for five to 20 leaves in each repeat. Cellular data are from five leaves in each repeat. Values in D to F are means of four to five leaves with their SE. Values in H are means of two biological repeats with their SE. GUS intensity was measured for eight to 10 leaves in each repeat. Asterisks indicate adjusted P , 0.05 for log-transformed values in A to F, mixed models (see Supplemental Methods S1).
The transcript levels of 69 genes were significantly changed 24 h after transfer to Suc, of which the vast majority (66) showed decreased expression compared with the control. The three up-regulated genes encode a cytochrome P450 protein, CYP710A2 (AT2G34490), with C22-sterol desaturase activity, a pentatricopeptide repeat superfamily protein (AT5G06400), and a stearoyl acylcarrier-protein desaturase family protein (AT1G43800). Surprisingly, of the 66 (six also at 3 h and 60 only at 24 h) repressed genes, 30 were encoded by the nuclear genome, while 29 were located on the chloroplast DNA and seven on mitochondrial DNA (Fig. 3B) . A list of the Sucrepressed, chloroplast-encoded transcripts at 3 and 24 h is shown in Table I . From the genes encoded by the nuclear genome, several have been reported to be induced by sugar starvation and were found here to be repressed by short-term Suc treatment (e.g. genes encoding anhydrases, oxygenases, and hydrolases as well as DIN genes; Fujiki et al., 2000; Lee et al., 2007) . Suc-repressed genes located on mitochondrial DNA encode subunits of the electron transport chain complexes and mitochondrial ribosomal proteins. The repressed genes located on chloroplast DNA represented a mixture of genes belonging to different operons and coding for photosynthesis-related proteins involved in the light reactions, such as PSI and PSII proteins (psa and psb), proteins that are part of the cytochrome b 6 f complex (pet), and subunits of NADPH dehydrogenase and ATP synthase (atp; Fig. 3C ). Furthermore, genes encoding proteins involved in PSI and PSII assembly and stability (ycf), chloroplast ribosomal proteins (rps), a maturase involved in intron splicing (matK), an acetyl-CoA carboxylase subunit (accD), the large subunit of Rubisco (rbcL), and one gene encoding the b-subunit of PEP (rpoC2) were found to be downregulated. These transcriptional changes were confirmed by quantitative reverse transcription (qRT)-PCR analysis for a set of selected chloroplast genes (Supplemental Fig. S3 ). Furthermore, because not all genes encoded by the plastome were found to be significantly differentially expressed by Suc at 24 h, the effect of Suc on the complete plastome was studied by a gene set enrichment analysis, in which all chloroplast-encoded transcripts were analyzed together as a single gene set. We found that the chloroplast gene set was significantly down-regulated compared with all other genes (21,481 genes; P = 0) 24 h after transfer to Suc. The repression of plastome expression upon transfer to Suc can result from either a reduced plastome copy number or fewer chloroplasts per cell. However, quantitative PCR on total cellular DNA demonstrated no differences in chloroplast DNA copy number in the third leaf 3 and 24 h after transfer to Suc-supplemented or control medium (Supplemental Fig. S4 ).
In conclusion, transfer to Suc resulted in the repression of plastome transcription, while plastome copy number was not affected, which suggests reprogramming of chloroplasts upon transfer to Suc.
Blocking Chloroplast Differentiation Also Induces Cell Proliferation
To investigate if changes in chloroplast differentiation affect the Suc-induced cellular processes, seedlings were treated with NF, an herbicide that inhibits phytoene desaturase by competition with the cofactors. Phytoene desaturase is involved in carotenoid biosynthesis, and treatment of plants with NF inhibits chloroplast development (Koussevitzky et al., 2007) .
Seedlings were transferred at 9 DAS to Murashige and Skoog (MS) medium with or without Suc and medium with or without Suc supplemented with 5 mM NF. Three days after transfer to NF with or without Suc (12 DAS), smaller seedlings with bleached leaves could be observed, indicating a clear effect on chloroplast differentiation (Fig. 4A) . At 10 DAS, or 24 h after transfer, the third leaf area was increased significantly with Suc by 42% (P , 0.05; Fig. 4B ) and by 16%, although not significantly, when transferred to Suc-containing medium supplemented with NF (P = 0.65; Fig. 4B ). To study the underlying cellular processes induced by Suc, the relative increases in cell size and pavement cell number on Succontaining medium supplemented with NF or not were determined. Suc did not result in an altered cell size, and the addition of NF did not change this, whereas the pavement cell number was increased significantly with Suc by 32% (P , 0.05) and by 34% by the addition of NF, albeit not significantly (P = 0.1), compared with control seedlings (Fig. 4C) . Furthermore, cell size was decreased significantly when NF was added to the medium, and this reduction was equal between leaves of seedlings grown on Suc and without Suc in the medium (P , 0.05; Fig. 4D, left) . Remarkably, third leaves of seedlings grown without Suc, but with NF, had a similar average increase in total pavement cell number (27%; P = 0.10) as seedlings grown with Suc and without NF (34%; P , 0.05) compared with control seedlings on MS medium (Fig. 4D, right) . Moreover, the combination of both Suc and NF resulted in a significant increase in pavement cell number of 62% (P , 0.05) compared with control leaves, which was equal to the sum of the effects of NF and Suc separately (61%; Fig. 4D, right) . Therefore, we hypothesize that NF and Suc act additively on cell number.
Transfer to Suc Results in Fewer, Smaller, and Less Differentiated Chloroplasts
Because Suc rapidly represses chloroplast-encoded transcripts, on the one hand, and cell proliferation can be stimulated by blocking chloroplast differentiation by NF, on the other hand, we set out to study the effect of Suc on chloroplast number and morphology by transmission electron microscopy.
Leaves were harvested 24 h (10 DAS) after transfer to Suc-containing or control medium, and subsequently, transverse sections were made to examine differences in chloroplast thylakoid structure, chloroplast size, and chloroplast number. For each leaf, 17 to 87 mesophyll cells of the tip and the base of the leaf, representing the cell expansion and proliferation regions, respectively, were analyzed. A clear difference in thylakoid structure and organization, as well as chloroplast shape, could be observed between leaves of control and Suc-transferred seedlings (Fig. 5) . Generally, in control leaves, chloroplasts seem to be more differentiated compared with leaves of seedlings transferred to Suc. Some chloroplasts already start to form starch granules; they generally have more thylakoid membranes and start to form the typical lens shapes of mature chloroplasts (Fig. 5A ). In contrast, the chloroplasts of Suc-transferred seedlings are generally more irregular in shape, and less starch formation could be observed. To quantify the difference in starch formation, starch grains were counted in transverse sections of mesophyll cells of the control and Suc-transferred leaves. In general, leaves of Suc-transferred seedlings contained on average 0.14 starch granules per mesophyll cell, whereas control leaves had 0.29 starch granules (Fig.  5B) . Similarly, increased starch accumulation was seen by Lugol's staining at 12 DAS in control leaves compared with leaves of Suc-treated seedlings (Supplemental Fig.  S5 ). Mesophyll cell area, chloroplast number, and chloroplast size were measured and analyzed statistically, taking into account the differences between the tip and the base of the leaf. The average mesophyll cell area did not differ significantly between leaves of control and Suc-transferred seedlings (Fig. 5C ). Chloroplasts were significantly larger at the tip compared with the base of the leaves in control seedlings (44%; P , 0.05; Fig. 5D ). In Suc-transferred leaves, the chloroplast areas were not significantly different between the tip and the base (P = 0.45). Additionally, chloroplasts were significantly larger in the tip of control leaves compared with the tip of Suc-transferred leaves (50%; P , 0.05; Fig. 5D ). Furthermore, leaves of Suctransferred seedlings had fewer chloroplasts in transverse sections, although not significantly (P = 0.12; Fig. 5E ).
In conclusion, transfer of seedlings to Suc resulted in fewer, smaller, and less differentiated chloroplasts with limited formation of thylakoid membranes and fewer starch granules.
Role of GPT2 in Suc-Induced Stimulation of Cell Proliferation
The above-described results demonstrate a clear negative effect of Suc on plastome transcription as well as chloroplast development, resulting in the stimulation of cell proliferation. Remarkably, one of the three nucleusencoded genes that was induced by Suc 3 h after transfer encodes GPT2. Recently, a central role of GPT2 in seedling development was described; gpt2 seedlings lacking GPT2 expression exhibit a delayed establishment and greening of the cotyledons (Dyson et al., 2014) .
To explore whether GPT2 also has a pivotal role in the Suc-induced stimulation of cell proliferation, we subjected gpt2-1 mutant seedlings to the experimental Suc assay. gpt2-1 seedlings were grown together with their corresponding wild-type seedlings on control medium for 9 d, after which they were transferred to control or Sucsupplemented medium for 24 h, after which leaf area, cell size, and pavement cell number were determined. Generally, third leaves of gpt2-1 seedlings were significantly smaller than wild-type leaves at 10 DAS (P , 0.05; Fig. 6A ), due to a significant decrease in pavement cell number (P , 0.05; Fig. 6B ). Suc significantly increased third leaf size by 20% in wild-type seedlings, also due to a significantly increased total pavement cell number (P , 0.05). Remarkably, gpt2-1 seedlings showed a completely insensitive cell proliferation response to the transfer to Suc (P = 0.81; Fig. 6B ) and no change of third leaf size (Fig. 6A) . Cell sizes remained unchanged between both wild-type and gpt2-1 leaves, independent of the transfer to Suc-containing or control medium (P = 0.44; Fig. 6C ).
In conclusion, GPT2 has an essential role in the shortterm stimulation of cell proliferation by Suc. Seedlings without functional GPT2 have fewer cells and completely abolish the expected cellular response to Suc, leading to growth promotion.
GPT2 Is Required for the Suc-Mediated Repression of Plastome Transcription
In the absence of GPT2, no stimulation of cell proliferation by Suc could be observed. Subsequently, to investigate whether GPT2 expression is also required for the downstream Suc-induced transcriptional responses, a comparative analysis was done between our transcriptomics data set and the published microarray data set of Dyson et al. (2015) . In the latter study, transcriptome analysis was performed on mature leaves of the gpt2.2 mutant and Wassilewskija-4 wildtype plants (Dyson et al., 2015) . The data set of Dyson Figure 6 . gpt2 mutant seedlings show an insensitive cell proliferation response to the transfer to Suc. gpt2-1 mutant seedlings were grown together with their corresponding wild-type Columbia (Col-0) on medium without Suc for 9 d and, subsequently, transferred to medium supplemented with 15 mM Suc (sucr) or without Suc. At 10 DAS, 24 h after transfer, the third leaf area (A), cell number (B), and cell area (C) were determined and compared. Values are means of three biological repeats with their SE. Leaf area was measured for nine to 40 leaves in each repeat. Cellular data are from three to 14 leaves in each repeat. Asterisks indicate adjusted P , 0.05 for log-transformed values, mixed models (see Supplemental Methods S1). et al. (2015) was first filtered using the same criteria as the transcriptome analysis described here (i.e. Log 2 FC . 0.58 and P , 0.05). Consequently, comparison between the differentially expressed genes in the gpt2.2 mutant and the 66 Suc-repressed genes 24 h after transfer to Suc revealed a significant overlap of 20 genes (P = 8.37E-8, x 2 test; Supplemental Fig. S6A ). Remarkably, 19 of the 20 overlapping genes were chloroplastencoded transcripts, representing a mixture of genes coding for different photosynthesis-related proteins, and only one mitochondria-encoded transcript, rpl16 (Supplemental Fig. S6B ). Furthermore, 18 of the 20 transcripts demonstrated an opposite effect on gene expression, namely, up-regulated in the gpt2.2 mutant compared with the wild type and down-regulated upon transfer to Suc. The two transcripts that did not show this opposite effect were the mitochondriaencoded transcript, rpl16, and the chloroplast-encoded transcript, rps14.
Consequently, this significant overlap between Sucrepressed and gpt2.2 up-regulated chloroplast-encoded transcripts, as well as the insensitivity of the gpt2-1 mutant to stimulate cell proliferation upon transfer to Suc, prompted us to test the expression of several Sucresponsive genes with qRT-PCR in microdissected third leaves of wild-type and gpt2-1 mutant seedlings 24 h after transfer to control or Suc-supplemented medium. The expression levels of 10 chloroplast-encoded genes (psbA, petD, psaA, psaB, ycf3, ndhI, atpH, rps18, rbcL, and rpoC2) were determined and compared between Suctransferred and control leaves in the wild type and the gpt2-1 mutant separately (Supplemental Fig. S6C ). These 10 chloroplast-encoded genes were selected based on the above-described transcriptome analysis and also were used for the confirmation of the Sucresponsive repression (Supplemental Fig. S3 ). Notwithstanding that no significant difference for each gene could be detected (P . 0.05), a clear contrasting trend in relative expression levels was observed between wild-type and gpt2-1 seedlings. All chloroplast transcripts were expressed at lower levels upon transfer to Suc in wild-type leaves, whereas eight of 10 of these transcripts were up-regulated in gpt2-1 mutant leaves (Supplemental Fig. S6C ).
Taken together, these results demonstrate that chloroplast DNA transcription is affected in the gpt2 mutant but that this transcriptional response is opposite to that of wild-type plants transferred to Suc, suggesting a central role for GPT2 in mediating the Suc-induced repression of chloroplast DNA transcription.
DISCUSSION
The aim of this study was to identify the underlying cellular and transcriptional mechanisms of sugars in regulating early leaf growth in Arabidopsis. For this, we developed an experimental setup in which the sugar status was changed during the proliferating phase of the third leaf, which normally depends on other photosynthetically active leaves for carbon and energy supply. This is in contrast to the two first leaves, which probably mainly depend on carbon provided by the cotyledons for their growth. We showed that Suc had a pronounced effect on the leaf pavement cell proliferation phase. This observation is in agreement with previously described roles of Suc in cell cycle regulation. In higher plants, the cell cycle is controlled by cyclindependent kinases and their interacting cyclins (CYCs), which in turn respond to developmental and environmental signals (Inzé and De Veylder, 2006; Komaki and Sugimoto, 2012) . A link between Suc and the cell cycle was first demonstrated through the use of Suc to synchronize Arabidopsis cell suspension cultures (Goetz and Roitsch, 1999) . Suc starvation induces a reversible arrest in the G1 or G0 phase of the cell cycle, and after resupplementing Suc to the growth medium, the cell cultures are synchronized. Suc mainly regulates the expression of D-type CYCs involved in the G1-to-S phase progression (Riou-Khamlichi et al., 2000) . However, none of these major cell cycle regulators were differentially expressed in our transcriptome analysis 3 or 24 h after transfer of seedlings to Suc. Hence, these findings suggest that Suc has no impact on the transcription of the cell cycle machinery during leaf growth stimulation. Nonetheless, at 13 DAS, we clearly observed a difference in cell proliferation between control and Suc-transferred plants through staining of the pCYCB1;1::CYCB1;1-D-box:GUS reporter line. Suctreated leaves demonstrated a cell cycle arrest front closer to the tip, which suggests an increase in cell proliferation. This effect on cell proliferation could result from (post)translational regulation. Suc starvationinduced translational control of cell division and cell growth has already been described in Arabidopsis cell cultures (Nicolaï et al., 2006; Rahmani et al., 2009 ). Several transcripts involved in protein synthesis, cell cycle, and growth were less abundant in polysomal RNA compared with their total RNA and, thus, translationally repressed by Suc starvation.
It is well known that sugars trigger conserved signaling systems regulating plant growth and development (Smeekens et al., 2010; Lastdrager et al., 2014) . One of these major regulators is the conserved SnRK1s in plants, SNF1 in yeast, and AMP-activated kinase in animals, which are heterotrimeric Ser/Thr kinases consisting of a catalytic a-subunit and two regulatory b-and g-subunits (Polge and Thomas, 2007; Ghillebert et al., 2011; Hardie et al., 2012) . These proteins act as metabolic sensors activated when environmental stress conditions deplete carbon and energy supply (BaenaGonzález et al., 2007; Baena-González and Sheen, 2008) . Interestingly, PV42a (AT1G15330), one of the cystathionineb-synthase domain-containing proteins that belong to the g-type subunits of SnRK1, was significantly repressed 3 h after the transfer of seedlings to Suc. Trehalose-6-phosphate (T6P) and G6P are known to inhibit SnRK1 activity (Toroser et al., 2000; Paul et al., 2008; Zhang et al., 2009; Nunes et al., 2013) and are tightly correlated with the cellular Suc levels (Lunn et al., 2006) . T6P is synthesized from G6P and UDP-Glc by TREHALOSE-6-PHOSPHATE SYNTHASE1 (TPS1; Gómez et al., 2010) , demonstrating a close link between G6P and T6P levels. G6P allosterically activates Suc phosphate synthase (Huber and Huber, 1996) , whereas inorganic phosphate inhibits this enzyme, by which Suc synthesis is buffered upon increased Suc levels. T6P has been described to act as a Suc signal, via the inhibition of SnRK1, in the regulation of many different aspects of plant development, such as growth, flowering, and senescence (for review, see Lunn et al., 2014) . Arabidopsis plants lacking TPS1 are embryo lethal, due to an embryonic developmental arrest between the transition from cell proliferation to cell expansion (Eastmond et al., 2002) . Plants overexpressing TPS1, and, thus, with a higher T6P content and lower G6P levels, have small dark green leaves, whereas plants overexpressing trehalose-phosphate hydrolase result in large pale green leaves due to low T6P and high G6P levels (Schluepmann et al., 2003) . These phenotypes are in line with our results in which higher Suc and, thus, G6P/ T6P levels affect chloroplast differentiation.
The effect of sugars during early leaf growth has not yet been investigated, and understanding of the molecular processes that regulate growth requires the microdissection of these growing tissues. The use of whole young seedlings for transcriptome experiments mainly reveals differential gene expression in expanding tissues (Skirycz et al., 2010) . To elucidate the Sucregulated transcriptional responses during the growth of a young leaf, we developed a setup integrating plant developmental timing. Surprisingly, only 19 and 69 genes were differentially expressed in the developing leaf at 3 and 24 h, respectively, after transfer of the seedlings to Suc-containing medium, whereas previously published transcriptomics data sets generally resulted in approximately hundreds of sugar-induced, differentially expressed transcripts (Price et al., 2004; Gonzali et al., 2006; Müller et al., 2007; Osuna et al., 2007; Usadel et al., 2008) . This difference in the abundance of differentially expressed genes might be explained by the differences in the harvested samples (microdissected proliferating leaves used here compared with whole seedlings or mature plants in other studies) as well as differences in sugar concentrations. Nevertheless, similar sugar-responsive genes were found in our transcriptional analysis of microdissected third leaves. A significant repression of specific plastidencoded genes has already been reported in response to the sugar treatment of whole seedlings grown in liquid cultures or whole rosettes (Price et al., 2004; Gonzali et al., 2006; Osuna et al., 2007) . However, we found that the complete plastome transcriptome was significantly repressed without a change in plastome copy number per cell. At 3 h after exposure to Suc, most of these chloroplast-encoded transcripts were already downregulated, albeit not significantly (FDR . 0.05). These findings clearly demonstrate an effect of Suc on plastome expression. Almost all proteins that are present in the chloroplasts are encoded by the nuclear genome. These proteins assemble in large complexes, such as the photosynthetic systems PSI and PSII, around core protein components encoded by the plastid (Jarvis and López-Juez, 2013) . Hence, repressing chloroplast transcription can disturb the establishment of these important complexes and, consequently, might impair further chloroplast differentiation. Indeed, transfer of seedlings to Suc-supplemented medium resulted in significant differences in chloroplast morphology. Generally, the chloroplasts were smaller and showed fewer differentiated thylakoid membranes and starch granules compared with control leaves. Besides that, chloroplasts were significantly larger in the tip compared with the base of control leaves. It has been shown that, before cells start to expand at the leaf tip, transcripts involved in photosynthesis and retrograde signaling are up-regulated, which suggests a profound role of chloroplast differentiation in controlling the onset of cell expansion (Andriankaja et al., 2012) . Moreover, leaves treated with NF, a chemical inhibitor of chloroplast differentiation, show a delay in the onset of cell expansion (Andriankaja et al., 2012) . In concert, we found that leaves transferred to medium without Suc but with NF show a similar increase in total pavement cell number to seedlings transferred to medium with Suc. This phenotype was even more enhanced when both Suc and NF were present, suggesting that both molecules would act additively to stimulate cell proliferation. NF acts directly on the chloroplasts itself, blocking chloroplast differentiation at an early stage, whereas transfer to Suc affects plastome expression, which probably leads to fewer differentiated chloroplasts. Consequently, less retrograde signals are sent to stimulate the onset of cell expansion. Leaves of seedlings transferred to Suc contained fewer chloroplasts in transverse sections compared with control leaves, showing that Suc treatment not only results in smaller chloroplasts with reduced differentiation but also negatively affects chloroplast division.
Besides the effects of Suc on chloroplast-encoded transcripts and chloroplast morphology, Suc induced the expression of GPT2. GPT2, together with its homolog GPT1, acts as a plastid phosphate antiporter involved in the transport of G6Ps between the cytosol and plastids in exchange for inorganic phosphate (Knappe et al., 2003) . Mutants lacking GPT1 have been described to be embryo lethal (Andriotis et al., 2010) , whereas a disruption of GPT2 does not result in obvious growth defects in the final growth stages (Niewiadomski et al., 2005) . However, recently, several studies identified GPT2 as an important regulator in seedling development and during acclimation to high light (Athanasiou et al., 2010; Dyson et al., 2014) . In addition, a microarray analysis revealed higher transcript levels for photosynthesis-related and chloroplast-encoded genes in gpt2 mutants (Dyson et al., 2015) . A significant overlap showing opposite gene expression profiles was found between this microarray analysis and the Suc-repressed chloroplast-encoded transcripts 24 h after transfer, and almost all selected chloroplast-encoded genes were not repressed upon transfer to Suc in the gpt2 mutant background. Furthermore, no increase in pavement cell number by Suc could be observed in gpt2 mutant seedlings. These observations further indicate the involvement of GPT2 in the Suc-induced promotion of cell proliferation as well as in mediating the Sucinduced repression of the chloroplast-encoded transcripts. Suc could directly induce the transcription of GPT2, by which possibly more G6P, which is correlated with cellular Suc levels (Lunn et al., 2006) , is imported in the plastid. Alternatively, GPT2 expression also could be regulated by Glc, which is cleaved from Suc and which is further converted in G6P. The metabolic regulation of GPT2 transcription has been reported in different studies. Microarray analysis of the pho3 mutant, impaired in the SUC2 gene encoding a Suc transporter for phloem loading of Suc, revealed a remarkable up-regulation of both GPT1 and GPT2 expression, but the causative metabolic signal was not investigated in detail (Lloyd and Zakhleniuk, 2004) . Another study analyzing GPT2 expression in dark-grown Arabidopsis seedlings treated for 6 h with a broad range of different sugar concentrations (0-200 mM) showed that mainly Suc induces GPT2 expression, whereas Glc treatment only affects its transcription moderately (Gonzali et al., 2006) . Our results also show that low concentrations of Glc do not stimulate leaf growth, probably because Glc is not transported through the phloem (Liu et al., 2012) . Whether the intracellular conversion of Suc to G6P in the sink tissue is needed to regulate GPT2 transcription remains elusive. Further experiments using a different kind of experimental setup in which sugars can be supplied directly to the sink tissue, for example using plant cell cultures, would be interesting to identify the causative metabolic signal.
Taken together, GPT2 imports G6P in the chloroplast, which signals the Suc status of the cytosol to the chloroplasts to adjust their development and, thus, to regulate photosynthesis according to the carbon demand of the growing leaf. We hypothesize that, during early leaf development, exogenously applied Suc or Suc produced by source leaves delays chloroplast differentiation in sink leaves, by which cell expansion is postponed and cell proliferation is stimulated (Fig. 7) . Conversely, when Suc levels are limiting, a faster transition from Suc-requiring sink tissue to Sucproducing photosynthetically active source tissue will Figure 7 . Model of the central role of chloroplasts in the Suc-induced stimulation of cell proliferation. Low Suc levels in sink cells trigger a rapid formation of photosynthetically active chloroplasts. Consequently, these chloroplasts sent retrograde signals to the nucleus to start the transition to cell expansion. However, higher Suc levels in source cells (left) result in higher levels of G6Ps that are transported into the chloroplasts by the Suc-induced plastid transporter GPT2 (black rectangles). In addition, high Suc levels repress chloroplast transcription (plastome represented by white circles), causing the chloroplasts to stop differentiating and dividing. Consequently, less retrograde signals are sent to the nucleus, which postpones the onset of the transition to cell expansion and stimulates cell proliferation. ensure sufficient energy supply and proper plant development. In the sink cells, Suc will be cleaved to Fru and Glc, which will result in higher levels of cytosolic G6P, which then can be transported into the chloroplasts by the Suc-induced plastid transporter GPT2. Furthermore, higher Suc levels result in the repression of chloroplast transcription, leading to a stop in chloroplast differentiation, which might be due to higher levels of G6P inside the chloroplast stroma. Consequently, less retrograde signals because of fewer differentiated chloroplasts could delay the transition to cell expansion, making it possible to use sugars for further stimulation of cell proliferation until the leaf becomes too large and needs autonomous sugar production to sustain growth.
MATERIALS AND METHODS
Plant Material and Growth Conditions
All experiments were performed on Arabidopsis (Arabidopsis thaliana) ecotype Columbia. Seedlings were grown in vitro on one-half-strength MS medium (Murashige and Skoog, 1962) without Suc for 9 d (9 DAS) under a 16-hday (50 mmol m 22 s 21 ) and 8-h-night regime, unless specified differently. Plates were overlaid with nylon mesh of 20-mm pore size. At 9 DAS, seedlings were transferred to plates containing control medium without Suc or medium supplemented with different concentrations of Suc and Glc (6, 15, and 30 mM). In the NF experiments, seedlings were transferred at 9 DAS to one-half-strength MS medium with or without 15 mM Suc supplemented with 5 mM NF. Homozygous seeds of the gpt2-1 mutant, a T-DNA insertion GABI-kat line in the Columbia background (GK-454H06-018837), were a kind gift of Dr. Giles Johnson (University of Manchester; Dyson et al., 2014) .
Growth Analysis
For the leaf area analysis, leaves were cleared in 100% (v/v) ethanol, mounted in lactic acid on microscope slides, and photographed. Leaf areas were measured with ImageJ software (http://rsb.info.nih.gov//ij/). Abaxial epidermal cells of the leaves were drawn with a DMLB microscope (Leica) fitted with a drawing tube and a differential interference contrast objective. Drawings were scanned and analyzed using automated image-analysis algorithms (Andriankaja et al., 2012) . Subsequently, drawings were used to measure average pavement cell area, from which the total pavement cell number was calculated. The stomatal index was defined as the percentage of stomata compared with all cells.
GUS Staining and Analysis
Seedlings of two biological repeats were harvested at 13 DAS, 4 d after transfer to control or 15 mM Suc-containing medium, incubated in heptane for 10 min, and subsequently left to dry for 5 min. Then, they were submersed in X-Gluc buffer [100 mM Tris-HCl, 50 mM NaCl buffer, pH 7, 2 mM K 3 Fe(CN) 6 , and 4 mM X-Gluc], vacuum infiltrated for 10 min, and incubated at 37°C overnight. Seedlings were cleared in 100% (v/v) ethanol and then kept in 90% (v/v) lactic acid. The third leaf was microdissected, mounted on slides, and photographed with a light microscope. Leaf length and GUS staining were measured with ImageJ software (http://rsb.info.nih.gov/ij/). The position of the cell cycle arrest front along the length of each leaf was calculated based on the color intensities between stained (proliferation zone) and nonstained (expanding zone) regions according to the method described by Vercruyssen et al. (2014) . The average cell cycle arrest front was determined by taking the average grayscale intensities of the expansion zones of the control leaves.
RNA Extraction and Expression Analysis by qRT-PCR
Seedlings were harvested in liquid nitrogen, put in RNAlater ice solution, and incubated at 220°C for at least 1 week, after which the third leaf was microdissected using a binocular light microscope. Leaves were frozen in liquid nitrogen, and RNA was extracted using Trizol (Invitrogen) and the RNeasy Plant Mini Kit (Qiagen). DNase treatment was done on columns with RNasefree DNase I (Promega). The iScript complementary DNA (cDNA) synthesis kit (Bio-Rad) was used to prepare cDNA from 200 ng of RNA, and qRT-PCR was done on the LightCycler 480 with SYBR Green I Master (Roche) according to the manufacturer's instructions. Normalization was done against the average of three housekeeping genes, AT1G13320, AT2G32170, and AT2G28390. Primer sequences are listed in Supplemental Table S2 .
RNA-Seq Analysis
Library preparation was done using the TruSeq RNA Sample Preparation Kit version 2 (Illumina). Briefly, poly(A)-containing mRNA molecules were reverse transcribed, double-stranded cDNA was generated, and adapters were ligated. After quality control using the 2100 Bioanalyzer (Agilent), clusters were generated through amplification using the TruSeq PE Cluster Kit v3-cBot-HS (Illumina), followed by sequencing on an Illumina HiSeq2000 with the TruSeq SBS Kit v3-HS (Illumina). Sequencing was performed in paired-end mode with a read length of 100 nucleotides. The quality of the raw data was verified with FastQC version 0.9.1 (http://www.bioinformatics.babraham.ac.uk/ projects/fastqc/). Next, quality filtering was performed using the FASTXToolkit version 0.0.13 (http://hannonlab.cshl.edu/fastx_toolkit/). Reads where globally filtered; for at least 75% of the reads, the quality exceeded Q20 and 39 trimming was performed to remove bases with a quality below Q10, ensuring a remaining minimum length of 90 nucleotides. Repairing was performed using a custom Perl script. Reads were subsequently mapped to the Arabidopsis reference genome (The Arabidopsis Information Resource 10) using GSNAP version 2012-07-20 (Wu and Nacu, 2010) , allowing a maximum of five mismatches. These steps were performed through Galaxy (Goecks et al., 2010) . The concordantly paired reads that uniquely mapped to the genome were used for quantification on the gene level with HTSeq-count from the HTSeq.py python package (Anders et al., 2015) . The analysis was performed with the R (version 3.1.2) software package edgeR . Trimmed mean of M values normalization (Robinson and Oshlack, 2010) was applied using the calcNormFactors function. Differentially expressed genes were analyzed with the exact binomial test. FDR adjustments of the P values were done with the method described by Benjamini and Hochberg (1995) .
Gene Set Enrichment Analysis
Gene set enrichment analysis was performed with the R package Piano (Väremo et al., 2013) based on P values and Log 2 FC. Three methods were compared: Fisher's combined probability test, Stouffer's method, and the tail strength method. Permutation-based null distributions were calculated by permuting the genes 1,000 times. P values were adjusted with the FDR method (Benjamini and Hochberg, 1995) .
Transmission Electron Microscopy
Leaves were immersed in a fixative solution of 2.5% (v/v) glutaraldehyde and 4% (v/v) formaldehyde in 0.1 M sodium cacodylate buffer, placed in a vacuum oven for 30 min, and then left rotating for 3 h at room temperature. This solution was later replaced with fresh fixative, and samples were left rotating overnight at 4°C. After washing, samples were postfixed in 1% (w/v) OsO4 with K 3 Fe(CN) 6 in 0.1 M sodium cacodylate buffer, pH 7.2. Samples were dehydrated through a graded ethanol series, including a bulk staining with 2% (v/v) uranyl acetate at the 50% (v/v) ethanol step, followed by embedding in Spurr's resin. In order to have a larger overview of the phenotype, semithin sections were first cut at 0.5 mm and stained with Toluidine Blue. Ultrathin sections of a gold interference color were cut using an ultramicrotome (Leica EM UC6), followed by poststaining with uranyl acetate and lead citrate in a Leica EM AC20, and collected on Formvar-coated copper slot grids. Two leaves of control and three leaves of Suc-treated seedlings were viewed with a JEM 1010 transmission electron microscope (JEOL), operating at 80 kV, using Image Plate Technology from Ditabis. For each leaf, 17 to 68 mesophyll cells of the leaf tip and 21 to 87 mesophyll cells of the base of the leaf, representing expanding and proliferating cells, respectively, were analyzed.
Next-generation sequence data from this article were deposited in the ArrayExpress database (www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-4262.
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Supplemental Figure S1 . Glc treatment did not result in an increase in final leaf size.
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Supplemental Methods S1. Plastome copy number determination and statistical analysis of growth experiments and chloroplast measurements. Supplemental Figure S1 . Glucose treatment did not result in an increase in final leaf size. Plants were grown on MS media supplemented with four different glucose (Glc) concentrations (0 mM, 6 mM, 15 mM, 30 mM). At 21 DAS, the third leaf area was measured and compared between concentrations. Values are the means of three biological repeats with their SE. Leaf area was measured for 10 to 30 leaves in each repeat. Figure S5 . Increased starch accumulation in control leaves. Wild-type seedlings were transferred at 9 DAS to medium with or without sucrose (sucr) and, after 3 days (at 12 DAS), the third leaf was stained with Lugol's solution to visualize starch. 0,5 mm control sucr
Supplemental
Supplemental Figure S6 . Transcriptional responses in the gpt2 mutant. A, Overlap between gpt2-induced and sucrose-responsive genes. Values indicated in the Venn diagram represent the number of genes differentially expressed in gpt2.2 mutant compared to wild type Ws-4 from the dataset of Dyson et al., 2015 (FC > 1.5 and P-value < 0,05) and the 66 repressed genes 24 hours after transfer to sucrose. B, List of the 20 overlapping genes with corresponding fold changes (FC) and P-values. C, Relative expression of sucrose-responsive chloroplast transcripts in the third leaf of seedlings 24 hours after transfer to sucrose compared with control leaves, both in wild-type (black) and gpt2 (blue) seedlings. Values are the means of the ratios (sucrose/control) of five to six biological repeats with their SE. Table S1 . Differentially expressed genes 3 h and 24 h after transfer to sucrose. See Supplemental Table S1 .xlxs
Total cellular DNA was extracted from micro-dissected third leaves using CTAB-protocol (Doyle and Doyle, 1997). DNA samples were diluted to 0.4 ng and chloroplast DNA copy number was calculated as described in Zoschke et al. (2007) . Differences in nuclear DNA content were measured by CyFlow flow cytometer with the FloMax Software (Partec). Relative DNA content was analyzed by qRT-PCR for ndhI, psbA, rbcL, rpoC2 and rrn16S using the primer sequences listed in Supplemental Table S2 . Data was normalized to the nucleur 18S rRNA gene (AT2G01010) using following primer pair 5'-AAACGGCTACCACATCCAAG-3' and 5'-ACTCGAAAGAGCCCGGTATT-3'.
Supplemental Methods. Plastome copy number determination
All analyses were performed with SAS (Version 9.4 of the SAS System for windows 7 64bit. Copyright © 2002-2012 SAS Institute Inc. Cary, NC, USA (www.sas.com).
Growth experiments
All growth experiments involved one, two or three factors and consisted of three independent biological repeats. For the representation of the ratios, measurements of the sucrose-treated leaves were compared to the measurements of the control leaves of the same repeat. Averages were then taken over the three independent repeats and represented in the graphs with their standard error. When needed, raw measurements were log-transformed to stabilize the variance prior to statistical analysis; this is specified in the figure legends. For all growth experiments, a linear mixed model was fitted to the variable of interest with all main factors and their interaction, in case of two factors, as fixed effects using the mixed procedure. The biological repeat term was included in each model as a random factor to take into account the correlation between observations done at the same time. In the presence of a significant F-test (for the main effect in case of one factor, for the interaction term in the case of two factors), appropriate post-hoc tests were performed. When the interest was in comparison with a control, multiple testing correction was done according to Dunnett. When the interest was in all-pairwise comparisons, a Tukey adjustment was performed. For the time course experiment, simple tests of effects were performed at each day separately with the plm procedure.
Leaf series experiment
The area measurements of the leaf series experiment was analyzed with a linear mixed model taking into account correlations between measurements done on leaves originating from the same plant. Leaf data was available for both conditions up and till leaf 8. Model building started with a saturated mean model containing the main effects of the sucrose concentrations (6 mM, 15 mM, and 30 mM) and leaf, and, the interaction term and a random effect for the biological repeat. Several structures were tested for the variance-covariance matrix: unstructured, (heterogeneous) compound symmetry, (heterogeneous) autoregressive, and (heterogeneous) banded toeplitz. Based on the AIC values, an autoregressive structure was assumed. The main biological interest was in the effect of the transfer of seedlings to the sucrose concentrations on the sizes of the different leaves. Type III tests of fixed effects were calculated to verify that there was a significant interaction term at the 0.05 significance level. Simple Ftests of effect for the sucrose concentrations were carried out at each leaf separately. For the leaves that showed a significant Ftest (P < 0.05), pairwise comparisons were estimated between each concentration of sucrose and the control level. At each leaf, correction for multiple testing was done, applying the Dunnett method.
Chloroplast number and area measurements
A generalized linear mixed-effect model was fitted to the number of chloroplasts with the glimmix procedure of SAS assuming a Poisson distribution and a log-link function. The fixed effects were the treatment and leaf part and their interaction effect . A random effect was included in the model to take into account the correlations between observations originating from the same leaf. Significance of the random effect was assessed with the covtest statement and left out of the model whenever P < 0.05. Significance of the interaction effect was tested with a type 3 Wald test. Significance of the interaction effect was tested with a type 3 wald test at the 5% significance level. In the absence of a significant interaction term, the significance of the main effects was subsequently tested. Differences in Least-Square means were calculated between groups of interest. A random intercept model was fitted to the mesophyll area data using the mixed procedure with the same fixed and random effects as for the chloroplast number. For the log-transformed chloroplast area data, a random intercept model was fitted using the mixed procedure. Two random effects were included in the model to take into account the correlations between observations originating from the same leaf, and originating from the same mesophyll cell within the leaf. The model with only a random intercept for mesophyll cell was preferred over a model with two random intercepts based on AIC values. All-pairwise comparisons between the factor level combinations of the factors, treatment and leaf part, were estimated. P-values were corrected for multiple testing with the Tukey adjustment method.
In all analyses the Kenward-Roger method was used for computing the denominator degrees of freedom for the tests of fixed effects. For each analysis, residual diagnostics were carefully examined. 
